In this paper, an attempt is made to introduce an indigenously made three-phase inverter feeding power to the three-phase induction motor. The developed three-phase inverter could be operated and controlled either manually using speed settings or by remotely using the Internet of Things (IoT). The proposed drive consists of three-phase inverter made of IGBTs and heat sinks, driver circuit designed using simple and low-cost ICs and other passive components, and the controller with Wi-Fi support. The detailed design of the drive system is presented in the paper. Also, the developed drive system is tested using a hardware prototype and the results are presented.
Introduction
Adjustable speed drives have occupied almost all the induction motor applications including industries, domestic, sea way transport, air way transport and the road way transport etc [1] - [2] . The speed control of an induction motor is achieved using the inverter connected to the stator of the motor. The power semiconductor devices of the inverter are controlled (turning ON and OFF) by a controller. However, the controller which works at lower power levels cannot be directly connected with the inverter switches. So, an intermediate circuit is required to isolate the low power controller with the high power inverter circuit [3] . Hence, often this intermediate circuit is termed as gate driver circuit, which is the most important part of an electrical drive system. Many researchers have worked in designing and developing the gate driver circuits for various inverter topologies [4] - [8] . These include the gate drive circuits for insulated gate bipolar transistors with high power ratings used in various converter topologies like three-phase two-level inverter, neutral point clamped threelevel inverter, resonant converters etc. Recently, Alexander Tessarolo in his publication [9] , states that the motor control used to be boring. The manual control of motor using potentiometers or digital key pads had jaded the working personal which opens the doors for remote controlling of the drives [10] . Various researchers have published their work based on the remote control of induction motor drives using internet of things (IoT) [11] - [16] . This paper introduces an indigenously developed three-phase two-level inverter with its gate driver circuit which is operated remotely using IoT. This work could find the applicability in the Electric and Hybrid Electric Vehicles. Rest of the paper is divided into three parts. Second section briefs the developed drive system. Later, the hardware prototype development and its working along with the hardware results are presented in the third section followed by the conclusions in the last section.
Methodology
The proposed system shown in Fig. 1 , consists of a DC source, three-phase two-level H-bridge inverter, threephase star connected squirrel cage induction motor load, controller with Wi-Fi connectivity and the driver circuit required to operate three-phase inverter. All the blocks mentioned here are discussed briefly in the following sub sections.
Three-phase H-Bridge Inverter:
The three-phase inverter used in the proposed system is modeled using switching functions. To model the inverter, switching function Si (where i can be r, y or b) is considered to be either logic 1 or -1 which represents turn ON of top device and bottom device respectively. The value of the pole voltage can be ±Vdc/2 based on the ON or OFF position of the switch. If the top device of phase-r is turned ON, the pole voltage vro is +Vdc/2 and when the bottom device of phase-r is turned ON then the pole voltage vro is -Vdc/2. Then, the pole voltages of all the three poles of the inverter can be written as
The motor phase voltage vrn can be derived as DOI 10 .29042/2019-5895-5899
Similarly the other phase voltages vyn, vbn of the three-phase inverter output can be derived. 
Three-phase Induction Motor Load:
For modeling and analysis the decoupled form of the three-phase induction motor is considered. For transforming the stator parameters (consider ϕ=θ for stator) and the rotor parameters (consider ϕ= for stator) to decoupled form, the matrix for transformation used is given below. 
where, θ is the angle between the stator r-axis and the quadrature (q) axis, β is the angle between rotor r-axis and the q-axis, also β = θ -θr, θr is the angle between rotor r-axis and stator r-axis, parameter x can be either voltage 'v' or current 'i' or flux linkage 'λ' and subscript parameter m can denote either stator parameters 'st' or the rotor parameters 'rt'. The expression for the electromagnetic torque Tem is given by
where, P is the number of poles.
Controller:
The most important part of an electrical drive system is its controller, which could be termed as the heart of the system. The selection of the controller should be very wise and is based on various parameters. For example, the controller must support pulse width modulation (PWM) signals, the minimum number of PWM pins should be equal to the number of phases or legs of the inverter to be operated. Also, the controller should contain analog to digital converter (ADC) pins if required to operate the drive in closed-loop mode. However, the work presented in this paper is limited to open-loop control. The other requirement of the controller for the proposed work is the ability to handle either Bluetooth or Wi-Fi connectivity. Hence, ESP32 is the controller considered in the proposed work, which could handle PWM signals, Wi-Fi connectivity and contains ADC pins for future use. In addition, ESP32 holds ultra-low power consumption through power saving features including fine resolution clock gating, multiple power modes, and dynamic power scaling. It is highly integrated with built-in antenna switches, power amplifier, low noise receive amplifier, filters and power management module. Driver Circuit:
The major contribution of the paper is the driver circuit, which is indigenously designed and fabricated. The firing pulses generated by the controller cannot be applied directly to the considered power semiconductor devices. Since, the controller generates signals with the magnitude of 3.3V, whereas the power semiconductor devices (say MOSFET or IGBT) require 12 to 15V to get it turned ON. Another issue with the controller directly connecting to the inverter devices is the non-isolation. The controller signals are at very low power level, whereas the inverter devices are operated at high voltages and currents. Hence, the low power controller should be isolated with the high power operated inverter devices. The block diagram of the proposed driver circuit is shown in Fig. 2 . The Driver circuit consists of various components such as logical gates AND & NOT, Opto-isolators. The AND gate is used as buffer to the signals from the controller, where both the inputs of the AND gate are shorted and connected to the controller PWM pin. The logical power supply required to operate the AND gate is 5V and is generated using a regulator IC. This boost up the voltage of the PWM signals from 3.3V to 5V. The controller is capable of generating six PWM pulses required for the three-phase inverter, however, only three PWM signals are generated by the controller and the complementary pulses are derived using NOT gate as shown in Fig. 2 . So, the controller generated three firing pulses for the top three devices and the complementary firing pulses from the NOT gates are passed through the six opto-isolators. This stage is so important since, this stage of the driver circuit isolates the low power and high power signals. All the six opto-isolators should be powered separately using six isolated logic power supplies. However, this could be reduced to 4 power supplies, because, all the three bottom devices are connected together.
To inverter power semiconductor devices 
Implementation and Results Discussion
The system shown in Fig. 1 and 2 containing the three-phase inverter and its driver circuit are developed indigenously in the laboratory. The photograph of the developed hardware setup is shown Fig. 3 . The hardware shown in Fig. 3 consists of a three-phase inverter using IGBT devices, DC bus capacitors of 1000μF/400V, driver circuit board consisting of the components shown in Fig. 2 , logic isolated power supplies for the driver circuit, controller ESP-32, three-phase induction motor load. The controller is programmed for sine triangle PWM technique wherein the reference and carrier signals are generated as shown in Fig. 4 . In this PWM, reference signal is taken to be sinusoidal, with the following constraints-1. The peak amplitude of the reference signal should be less than or equal to that of the carrier signal. 2. The frequency of the reference signal defines the frequency of the inverter output voltage and is several orders less than the frequency of the carrier signal. A typical value can be 50 Hz for the reference sinusoidal signal and 1 kHz for the carrier triangular signal. Depending on whether the reference signal is larger or smaller than the carrier waveform, either the positive or negative DC voltage is appeared at the output. Over the period of one triangular signal, the average voltage appeared at the load is proportional to the amplitude of the reference signal during this time period. This results in chopped square waveform whose moving average is sinusoidal in nature as shown in Fig. 4 . The reference signal is a sinusoidal waveform of amplitude Vm, and the amplitude of carrier waveform is Vc, then the ratio mi = Vm/Vc is known as modulation index. The modulation index and the DC bus voltage are responsible to define the output voltage magnitude as well as the frequency, which results in the open-loop V/f control. The hardware setup shown in Fig. 3 is supplied by a programmable DC power supply with the voltage set to 100V and the source current is limited to 2A. The results are captured using a digital storage oscilloscope and are shown in Fig. 5 . Fig. 5 shows one of the pole voltages, phase voltages and the phase currents of the threephase inverter connected to the induction motor. Fig. 5 depicts the working of the indigenously built inverter and the driver circuit. In addition, the speed of the induction motor is controlled through IoT cloud wherein the controller and the drive are placed remotely. 
Conclusions
The three-phase inverter designed and developed indigenously in the laboratory is presented in this paper. The details of all the components used in the electric drive system are briefed. Also, the pulse width modulation technique used to program the controller and to operate the inverter switches is discussed in detail. The working of developed inverter using the controller and driver circuit is demonstrated with the help of hardware results. The speed of the induction motor can be varied using either the mobile phone or the computing system through the Internet of Things. Hence, this system could be used in the applications where the manual entry is restricted and the length of communication cables is a constraint.
